A electrocoagulation (EC)/peanut shell (PS) adsorption coupling technique was studied for the removal of malachite green (MG) in our present work. The addition of an appropriate PS dosage (5 g/L) resulted in remarkable increase in the removal efficiency of MG at lower current density and shorter operating time compared with the conventional EC process. The effect of current density, pH of MG solution, dosage of PS and initial concentration of MG were also investigated. The maximum removal efficiency of MG was 98% under optimum conditions in 5 min. And it was 23% higher than that in EC process. Furthermore, the unit energy demand (UED) and the unit electrode material demand (UEMD)
INTRODUCTION
Textile and tannery industries are some of the most contaminated in developed countries with 7 × 10 5 tons of dyestuffs produced annually (Asghar et al. ; Suárez-Escobar et al. ) . Dyes are normally very large aromatic molecules consisting of many linked rings (Zodi et al. ) . Dye molecules present a real threat to the environment and human health because of their structural stability and complexity (Njoku et al. ) . The disposal of dye-containing water is currently a major problem from a global viewpoint (Ahmad et al. ) . Various physical, physicochemical, and biological techniques were used to remove dyes from wastewater. Some of these processes include adsorption (Reddy et The EC technique is considered to be a potentially effective method for wastewater treatment in past decades (Brillas & Martínez-Huitle ) . EC is a process that involves creating flocs of metallic hydroxides within the effluent to be cleaned via electrodissolution of soluble anodes, usually aluminum or iron (Ricordel & Djelal ) , and in a simultaneous reaction, hydroxyl ions and hydrogen gas are produced on the surface of the cathode, which leads to the production of various ferrous, ferric or Al (III) hydroxide, and polyhydroxy species, depending on the pH of the electrolyte (Kobya et al. ) . The proposed mechanism for the generation of coagulation by using Al as an anode is presented below (de Carvalho et al. a):
The advantages of EC are a compact treatment facility, less sludge production, minimal requirement of chemicals and the possibility of complete automation (Hu et al. ) . However, it is easy to form an impermeable oxide film on the cathode, which results in higher energy consumption and lower efficiency (Avsar et al. ; Secula et al. ) . Hence, great efforts have been made to improve EC progress. Many studies showed that granular active carbon/EC coupling technique was more efficient and faster compared to conventional EC progress (Narayanan & Ganesan ; Secula et al. a) . As with active carbon, peanut shell (PS) is also a high surface area porous material with exceptional adsorptive properties. PS adsorption as an effective method to treat wastewater has been reported in various literature, such as removing methylene blue, brilliant cresyl blue, neutral red (Gong et al. ) , heavy metals (Xu & Liu ; Witek-Krowiak et al. ) and organic compounds from aqueous solution. However, coupling the EC technique with PS adsorption was seldom reported before. PS is an effective and low-cost adsorbent and therefore ideal for application in developing countries.
In this work, we investigated the removal of malachite green (MG) from aqueous solution by EC/PS adsorption coupling method. PS was characterized by Fourier transform infrared spectroscopy (FTIR), scanning electron microscope (SEM) and pH pzc . The effects of current density, dosage of PS, initial MG concentration and pH on the removal efficiency were discussed. The unit energy demand (UED) and the unit electrode material demand (UEMD) were also determined and discussed.
MATERIALS AND METHODS

Materials
Peanuts were purchased at a local market (Changchun, China) and were manually peeled immediately. PS was ground by a grinding mill and sieved to obtain a particle size range of 80 mesh. The powders were washed with distilled water for three times to remove the suspended solids and water-soluble materials. Then they were dried at 60 W C for 12 h. The dried PS were stored in plastic bottle for further use. MG (C.I. No. 24000, C 23 H 25 ClN 2 , MW ¼ 364.91 g·mol À1 ) was purchased from Shanghai Jinsui Bio-Technology Co., Ltd (Shanghai, China) ( Figure 1 ).
The Na 2 SO 4 was purchased from Xilong Chemical Co., Ltd (Shantou, China).
The H 2 SO 4 , HCl and NaOH were obtained from Beijing chemical works (Beijing, China).
EC/PS adsorption coupling experiments
The experiment was conducted in an EC cell of capacity 576 mL (12 cm × 4 cm × 12 cm) fabricated out of organic glass reactor. The bottom of the reactor was equipped with two perforated tubes to maintain uniform gas flow and stirring into the cell by using an aeration pump at 6 L·min À1 . Aluminum plate containing 99% aluminium was used as the anode and stainless steel (SS-304) was used as the cathode. The effective electrode area was 20 cm 2 . The anode and cathode were positioned vertically and parallel to each other with a gap. To adjust the conductivity, 1 g of Na 2 SO 4 was dissolved in dye solutions (volume 1 L). Before each experiment, the electrodes were polished with fine-grained emery paper, washed with 1 N H 2 SO 4 and then with distilled water. The experimental setup is shown in Figure 2 .
For every experimental run, 400 mL of MG solution was placed into the reactor. The electrodes were connected to a digital DC power supply to obtain a constant current. The current density and electrode space were set to a desired value and then a certain quantity of PS was added to the solution. The pH was adjusted by adding 0.1 M HCl or 0.1 M NaOH and measured using a PHS-3E pH meter (Shanghai INESA and Scientific Instrument Co., Ltd, China). The experiments were performed at room temperature and the process was carried out for 1 h.
To assess the treatment process, a 2 mL water sample was drawn every 5 min during the experiment. The samples were filtrated by Whatman 0.45 μm filters, and then measured with a SDPTOP UV2600PC UV/VIS Spectrophotometer (Shanghai Sunny Hengping Scientific Instrument Co., Ltd, China) at a wavelength of 619 nm. The removal efficiency (Y (%)) of MG was calculated from:
where C 0 is the concentration of MG before treated (g/L), and C t is the concentration of MG after t min of treating (g/L).
Unit energy and electrode material consumption
Energy consumption is one of the vital parameters for the feasibility of the electrochemical process with a focus on EC, which deserves special attention from researchers in the area. The experiments were carried out in a galvanostatic regime, and the cell voltage was varied during the traditional EC and EC/PS coupling process. Thus, the energy consumption related to the amount of removed dye, or UED (kWh/g) (Secula et al. b) , was calculated according to the following equation:
where U is the cell voltage, (V); Icurrent intensity, (A); ttime, (h); Vvolume of MG solution, (L); Y tcolor removal efficiency at time t, (%). The generation of the coagulant during the EC process leads to the consumption of the electrode material that can be estimated based on Faraday's law (Espinoza-Quiñones et al. ):
where UEMD is the unit electrode material demand, (g/g); ttime, (h); nnumber of electrons involved in the oxidation/reduction reaction; F -Faraday's constant, (C/mol); Aatomic mass of the electrode material, (g/mol).
Characterization methods
SEM measurements and energy dispersive X-ray (EDX) were performed by a field emission scanning electron microscope (Hitachi, S-4800) at an operating voltage of 3 kV and at an operating voltage of 20 kV, respectively. FTIR spectrums were obtained from a FT-IR spectrophotometer (Nicolet NEXUS470, Nicolet Co., Ltd, USA) with KBr disks. The point of zero charge (pHpzc) of PS was determined by batch equilibration method in which nine different solutions were prepared having pH values ranging from 2 to 10. At first, 20 cm 3 of distilled water was kept in several beakers and their pH values were adjusted by adding varying amounts of 0.1 mol/L of NaOH or HNO 3 solution. Then a portion of PS sample (50 mg) was added into beakers and kept for equilibration at room temperature. After 24 h, the final pH was measured and plotted as a function of initial pH values. The final pH value in the curve where a common plateau is obtained is the pH pzc of the PS (Reddy et al. ).
RESULT AND DISCUSSION
Characterization of PS SEM analysis Figure 3 shows the SEM images of PS before and after MG adsorption. Figure 3 (a) and 3(b) show PS surface before adsorption, it can be seen that PS presented an irregular, rough and porous surface which was good for adsorption. And it is clearly shown that MG had been adsorbed on the surface of PS after adsorption in Figure 3 (c) and 3(d).
FTIR analysis
In order to examine the functional groups existing in PS, FTIR analysis was carried out. The FTIR spectrums of PS before and after adsorption and MG are shown in Figure 4 . For PS, the major intense bands were at 3,426 cm À1 (-OH stretching); 2,925 cm À1 (assigned to C-H stretching vibration); 1,630 cm À1 (carbonyl-C ¼ O stretching vibration), attributed to carbonyl compounds, such as ketones, aldehydes alkenes, esters and C ¼ C of aromatic groups; 1,260 cm À1 , possibly due to C-O, C-H or C-C stretching vibrations; 1,050 cm À1 , due to the C-O group in carboxylic and alcoholic groups.
Some of the above mentioned functional groups are typical of lignin, which is present in different agricultural wastes like PS (Georgin et al. ) . For MG, the three characteristic absorption peaks at 1,587 cm À1 , 1,382 cm À1 and 1,174 cm À1 are C ¼ C olefin structure stretching vibration, -C-N coterminous with the benzene ring structure stretching vibration and stretching vibration absorption of aromatic ring skeleton, respectively (GAO et al. ). Compared with the spectra for PS before adsorption, the peaks at 1,260 cm À1 and 1,050 cm À1 in the spectra for PS after adsorption disappeared, it indicated that the functional groups probably involved on the surface of the PS in adsorption process. In spite of this, a new peak was detected at 1,174 cm À1 , which was assigned to the C ¼ C olefin structure stretching vibration in MG, indicating the adsorption of MG on the surface of PS.
pH pzc of PS pHpzc is the pH at which the surface exhibits net zero charge. The result is shown in Figure 5 . It indicated that the pH pzc is approximately 5.8, thus, adsorption of anionic dyes will be favored at pH<pH pc and at pH>pH pzc will favor the adsorption of cationic dyes. MG belongs to cationic dyes, so PS had a good adsorption capacity for MG in aqueous solution which has a pH > 5.8. 
Effect of current density
The current density is determined by dividing each current by the corresponding electrode area. The effect of current density was studied at 1, 2, 3, 5 mA/cm 2 . Figure 6 shows the removal efficiency studied in the two processes. The current density strongly determines the formation rate of flocculant (Chou ). In Figure 6(a) , as the current density increased, the removal efficiency of MG also increased in traditional EC process. At high current density, the anodic dissolution of Al increased, which leads to an increase in the amount of metal hydroxides and resulted in an improvement of removal efficiency. Compared with the traditional EC process, adding PS could enhance the removal efficiency of MG signally in the same current density. Even at low current density value, the EC/PS coupling technique could achieve a fairly high removal efficiency in short time. As shown in Figure 6(b) , the removal efficiency was 98% in 5 min. The high removal efficiency can be attributed to the fact that the system suffered both reactions simultaneously, EC and also adsorption process (de Carvalho et al. b) . Therefore, a current density of 2 mA/cm 2 was chosen as ideal during subsequent experiments.
Effect of PS dosage
The effect of PS dosage was studied with different PS concentrations ranging from 1 to 7 g/L. The other operational parameters were kept constant. The results are presented in Figure 7 . It was observed that the removal efficiency of MG became significantly higher and the contact time for obtaining 98% removal efficiency decreases until 5 min with the increase in PS dosage from 0 to 5 g/L. The increasing PS dosage leads to more amounts of adsorbent and, thus, more surface area and active sorption sites, thereby leading to have more adsorbing capacity of MG (Ghaedi et al. ) . This trend kept up to 5 g/L dosage, after that, the removal efficiency was almost stability until 7 g/L. So the optimum value of PS dosage was 5 g/L and was used for the rest of the study.
Effect of initial pH
To examine the effect of pH, the pH value of solution was adjusted to the range of 4-8 with other parameters constant. The removal efficiency is shown in Figure 8 . The result revealed that when pH of the MG solutions were higher than 6, the removal efficiency was much higher. pH of the solution could affect the surface charges of the PS, as well as the forms of metal hydroxides in aqueous solutions (Tasar et al. ) . Figure 9 ( Jiang et al. ) demonstrates different forms of Al(OH) 3 relative to the pH and concentration of Al 3þ ions in the media. When pH of solution was too high or too low, Al(OH) 3 was in its charged form and soluble in water which could not be used for EC. When pH was neutral, Al(OH) 3 is stable and insoluble in the water and available for pollutant adsorption from water. On the other hand, combined with Figure 5 , PS had a good adsorption capacity for MG in aqueous solution which has a pH > 5.8. According to the above analysis, we can conclude that the optimum pH for EC/PS adsorption coupling technique to removal MG is above 6. The pH of MG aqueous solution was at the range of 6.5-7, so other experiments were conducted without pH adjusting.
Effect of initial MG concentration
The initial concentration of MG on the coupling method removal efficiency was investigated, and the result is shown in Figure 10 . We observed that an increase in dye initial concentration caused a slightly reduction in removal efficiency. But the treatment time required to reach a removal of 94% of MG was 5, 5, 10, 30 and 60 min for concentrations of 20, 50, 80, 120 and 200 mg/L. According to Faraday's law, a constant amount of metal hydroxides is dissolved from the iron anode and passes to the solution for the same current density and operating time for all MG concentrations. Consequently, the same amount of metal hydroxides is produced in the aqueous solution.
With increasing dye initial concentration while keeping the amount of PS constant and the amount of hydroxyl and metal ions produced on the electrodes at a constant current density, the adsorption capacity of the flocs and PS becomes insufficient and a reduction in the color removal conversion occurred at high MG concentrations (Parsa et al. ) .
UED and UEMD analysis
UED was calculated from Equation (2). Figure 11(a) presents the UED values of different operation times in the EC process. The values were between 0.93 and 6.42 kWh/ g and the removal efficiency was 75% in 60 min. While adding 5 g/L PS, the removal efficiency reached 98% in 5 min, and the UED was 0.34 kWh/g. Compared with the EC process, the removal efficiency improved 23% and UED reduced 94% using the coupling technique. UEMD represents the consumption of electrode material in relation to the mass unity of removed dye as defined by Equation (3). Figure 11(b) shows the UMED of EC process. The values varied from 0.06 to 0.45 g/g in EC process while it was 0.02 g/g in EC/coupling technique. Same as UED, UMED reduced 94% in EC/PS adsorption coupling system compared with that in EC system.
Mechanism analysis
The removal efficiency of MG in 5 min in traditional EC process and EC/PS adsorption coupling process were 43% and 98%, respectively. The removal efficiency improved 51% due to the addition of PS. Removal of MG by PS adsorption was conducted to investigate the intensification mechanisms, and the result is shown in Figure 12 . It can be seen that PS was a fast adsorbing material and the removal efficiency was 64% in 5 min. So the possible reason was that the EC method and the PS adsorption method worked together and promoted each other in the EC/PS adsorption coupling process.
CONCLUSION
From our present study, it was found that the removal of MG by the EC/PS adsorption coupling method is a feasible process. The addition of PS as adsorbent resulted in remarkable increase in the removal efficiency of MG at lower current density and operating time than the traditional EC process. The optimal conditions for the EC/PS coupling technique were as follows: current density was 2 mA/cm 2 , dosage of PS was 5 g/L, initial MG concentration was 50 mg/L with an initial pH of solutions around neutral. Under optimal conditions, the optimal removal efficiency of MG was found to be 98% in 5 min, which was 23% higher than that in the EC process in 60 min. The energy consumption and unit material energy consumption were 94% lower in the coupling process than that in the traditional EC process. Compared with similar state-of-the-art materials and method to treat MG, such as spent tea leaves activated carbon adsorption (Akar et al. ), almond shell adsorption (Ozdes et al. ) and poultry feather adsorption process (Beak et al. ) , the EC/PS adsorption coupling method is the most efficient and costoptimal method. Thus, we could conclude that the EC/PS adsorption coupling technique for MG removal is considerably cheaper, and is suitable for developed and developing countries.
